INTRODUCTION
The repair of DNA double-strand breaks (DSBs) is necessary for the maintenance of genomic integrity in all organisms. In Sacchammyces cerevisiae, repair of DSBs occurs primarily by homologous recombination and requires members of the Rad52 epistasis group (1) . DSBs introduced by the mating type endonuclease HO at recognition sites located either at the endogenous MAT locus (2) or at heterologous loci have been found to stimulate homologous recombination (3) . During meiosis transient DSBs occur at positions known to be hot spots for meiotic recombination and it has been suggested that DSBs may initiate all meiotic recombination events (4) . DSBs in chromosomal DNA have also been found to be recombinogenic in other organisms. For example, transposon-induced DSBs in Drosophila (5) and Caenorhabditis elegans (6) are repaired by homologous recombination.
In mammalian cells, repair of DSBs involves both homologous recombination and non-homologous DNA end joining mechanisms. Evidence for both types of repair was first obtained in experiments with transfected DNA. DNA containing a variety of end configurations produced by restriction enzymes in vitro can be recircularized efficiently in vivo (7) . Additionally, homologous DNAs will recombine efficiently when there are DSBs at or near the homology regions (8) . Homologous recombination is stimulated by DSBs in transfected substrates whether the DSBs are introduced in vitm or in vivo (8, 9) .
A DSB in transfected DNA will also stimulate recombination between transfected DNA and chromosomal DNA (10) (11) (12) (13) . With a DSB in the transfected DNA the chromosome is formally the donor of genetic information to the recipient transfected DNA. Thus in gene targeting experiments the targeting vector becomes integrated upon marker selection. According to prevailing models, in which DSBs promote recombination, the chromosome would have to contain the DSB in order to become the recipient of genetic information (3, 14) .
Recently it has become possible to introduce DSBs into defined chromosomal loci in mammalian cells using the rare cutting endonuclease \-Sce\ (15) . The l-Scel endonuclease cleaves an 18 bp non-palindromic site (16) and it has been found that constitutive expression of l-Scel is non-toxic to mouse cells, presumably because there are no endogenous sites in the mouse genome or because they occur infrequently (9) .
l-Scel sites have been introduced into mammalian chromosomal DNA in mouse 3T3 cells, PCC7-S teratocarcinoma cells and Ltlr cells (15, 17, 18) . Chromosomal DSBs introduced by l-Scel at these sites were found to stimulate gene targeting in 3T3 cells and PCC7-S cells, but not in Ltk~ cells. However, in 3T3 cells two thirds of the gene targeting events were found to be 'one-sided', such that one end of the transfected DNA integrated homologously, whereas the other end integrated non-homologously. We have now developed an ES cell expression system for l-Scel and report on the repair of DSBs by gene targeting in these cells.
MATERIAL AND METHODS

Plasmid constructs and DNA manipulations
Plasmid pS2neo was generated by mung bean nuclease treatment of Afcol-cleaved pMClneopA2 (19) , followed by ligation of the * To whom correspondence should be addressed annealed 18 base oligonucleotides 5'-TAGGGATAA/CAGGG-TAAT and 5'-ATTACCCTGTTAT/CCCTA. Integrity of the l-Scel site insertion was checked by sequencing and in vitro cleavage with I-Scel (Boehringer Mannheim). The V22neo gene was constructed by inserting the annealed oligonucleotides 5'-CATGCATTTCATTACCTCTTTCTCCGCACCCGACATA-GATA and 5'-CATGTATCTATGTCGGGTGCGGAGAAAGA-GGTAATGAAATG into the Ncol site of pMClneopA2. This gene is not cleaved by l-Scel.
The ES cell expression vector for 1-Sce\, pgk-I-Scel, was constructed by deleting the Nael-EcoRl human cytomegalovirus promoter fragment from pCMV-I-Scel (9) and inserting the mouse pgkl promoter fragment derived from pKJ-1 (20) . The promoter was obtained by PCR amplification with oligonucleotides 5'-CGGAATTCCGATATCGATTTCTACCGGGTAGGG-GAGGGCGCT and 5'-CGGAATTCCGTCGAAAGCCCGGA-GATGAGGAAGAG.
Cell culture and transfections and PCR analysis
ES cell line E14 (21) was cultured in the presence of 10 3 U/ml leukemia inhibitory factor (22, 23) either pS2neo or pV22neo by the calcium phosphate protocol as described previously (24) without reducing the percentage of CO2 in the incubator. Plasmid DNA was harvested 48 h post-transfection for Southern blotting as described (9, 25) . PCR products from the clones were generated with the primers Neol and Neo2 (9) and were digested with cither 20 U Sce\, 20 U Ncol or 10 U Sspl and loaded on a 1.2% agarose gel.
RESULTS
Design of a system to monitor DSBs in ES cells
We had previously mutated a neo gene for selection of I-Scel-induced DSB repair events (15) . The mutation consisted of an 18 bp insertion of the I-Scel site flanked by a 4 bp duplication of neo gene sequences. Gene targeting events could be selected upon I-Scel cleavage by restoration of a neo + phenotype. However, non-homologous end joining events at the 4 bp microhomology occurred at a low, but significant, level, complicating the analysis. Thus a new mutated neo gene was constructed specifically to select for I-Scel-promoted gene targeting events.
As with the previously constructed SI neo gene, the new gene, called S2/ieo, has the 18 bp l-Scel cleavage site inserted into the selectable neo gene of pMClneopA2 at an Ncol site (Fig. 1 A) . However, prior to insertion of the l-Scel site the 4 base overhangs of the Ncol site were removed with mung bean nuclease, resulting in both an insertion mutation (18 bp) and a deletion mutation (4 bp) (Fig. IB) . Since a stop codon is created in the neo coding sequence by the insertion, the gene is non-functional. With this design we expected that restoration of a functional neo gene following l-Scel cleavage would be dependent upon recombination with a homologous neo gene fragment.
I-5ceI has previously been expressed in 3T3 cells from the human cytomegalovirus (hCMV) promoter in the vector pCMV-I-Scel (15) . To express I-Scel in ES cells it was necessary to replace the hCMV promoter with a promoter that expresses well in ES cells. We chose the mouse pgkl promoter (28) . A PCR product containing the pgkl promoter from -521 to -18 relative to the translation start site was amplified from a pgkneo template (20) . Since the pgkl gene has multiple transcription initiation sites located between -44 and -101 (20) , it was expected that the -521 to -18 sequence would provide the necessary signals for transcription initiation. The amplified fragment was cloned into pCMV-I-Scel, resulting in plasmid pgk-I-Scel.
Expression of I-Scel was checked by co-transfection of pgk-I-Scel with the Slneo gene. Transfection of pgk-I-Scel led to a similar or better level of cutting of the S2neo gene relative to transfection of pCMV-I-Scel in COS1 cells and a large increase of cutting in ES cells ( Fig. 2 and data not shown). Another neo gene, V22neo, which does not contain the l-Scel site, was uncut in these co-transfections.
Introduction of the Sliteo gene into the genome of ES cells
The aim of our experiments was to determine if recombination of a transfected neo gene fragment would be stimulated by a DSB within the S2neo gene integrated into the genome of ES cells. The S2neo gene was introduced into ES cells through co-transfection with a hygromycin (hyg) resistance gene. PCR analysis was performed on hyg R clones to determine which of the clones had also integrated the S2neo gene. Out of 18 hyg R clones we identified seven that had at least one copy of the S2neo gene (data not shown). The other 11 clones apparently did not integrate the mutated neo gene with the hyg selection marker. The clones that gave a PCR product were further analyzed by Southern blotting. One of the clones, clone 12, was found to contain a single intact copy of the S2neo gene. The structure of the neo locus in clone 12 is shown in Figure 3 .
Gene targeting in ES cells is stimulated by chromosomal DSBs
To determine if gene targeting would be stimulated by the introduction of DSBs into the neo locus we co-transfected the expression vector pgk-I-Scel with a neo gene fragment into clone 12. The fragment is 0.7 kb and is derived from the 3'-end of the neo gene (Fig. 1 A) . It is marked with a silent Sspl restriction site polymorphism located 23 bp downstream from the Ncol site (Fig. IB) understand the mechanism of the recombinational repair of I-5ceI-generated DSBs.
Transfection of pgk-I-Scel alone into clone 12 did not generate any G418
R colonies (Table 1) . Apparently, if cleavage occurs in the S2neo gene repair of the DNA ends in the absence of homology is unable to generate a functional neo gene. In contrast, when pgk-I Seel was co-transfected with the 3' neo gene fragment a total of 50 G418 R colonies was obtained in two experiments. This number is 4.2% of the number of colonies obtained in transfection of pMClneopA2 (1181 colonies), which gives an indication of the transfection efficiency in these experiments. No colonies were obtained in a co-transfection of the 3' neo fragment in the absence of pgk-I-Scel, indicating that gene targeting of this short fragment is inefficient without a DSB at the target locus.
These gene targeted clones were generated by calcium phosphate transfection of ES clone 12. When an electroporation procedure was used G418 R colonies were obtained only rarely (data not shown). We interpret this result as being due to a much less efficient co-transfection of pgk-I-Scel with the 3' neo fragment by electroporation than by calcium phosphate transfection. This point is currently being investigated. 
Analysis of the neo locus in the gene targeted clones
The gene targeted clones were subjected to PCR analysis of the neo locus. A 0.9 kb neo gene fragment was amplified from genomic DNA of 29 G418
R clones obtained from both experiments using the primers Neol and Neo2 (Fig. 1 A) . These primers are specific for the integrated Slneo gene and thus would not prime synthesis from a randomly integrated 3' neo fragment. The amplified fragment was then digested with l-Scel, Ncol and Sspl. The fragment amplified from the parental clone is digested only by I-Scel, as expected (Fig. 4, Pa) . In contrast, none of the PCR products amplified from the 29 G418 R clones is cleaved by l-Scel (Fig. 4 and data not shown) . Rather, each of them is cleaved with Ncol, as would be expected from a gene targeting event with the transfected homologous fragment.
Cleavage with Sspl allows us to examine incorporation of the silent restriction site polymorphism upon gene targeting. Of the 29 clones 28 have incorporated the polymorphism. One clone, clone 3, does not contain the 1 bp polymorphism, even though it has restored the Ncol site. Thus gene targeting frequently, but not always, involves gene conversion tract lengths at least as long as 23 bp.
PCR analysis examines a very defined region of the neo locus. To reveal any global modifications of the locus we performed Southern analysis on the G418 R clones using a probe derived from the 5'-end of the neo gene (Fig. 1 A) . Restriction digestion of genomic DNA from parental clone 12 withXhol/Ncol gives an -8 kb band (Fig. 5 A) . However, each of the G418 R clones has a 0.9 kb band with XhoUNcol digestion, indicating that the single neo gene in these clones has been converted to a wild-type sequence at the Ncol site (Fig. 5A and data not shown) . Restriction digestion of the parental clone 12 with XhoVSspl gives a 3.2 kb band (Fig. 5C) . Each of the G418 R clones has a 0.9 kb XhoUSspl band, with the exception of clone 3, which has the parental 3.2 kb band. These results confirm the PCR analysis and demonstrate that each of the G418 R clones has been gene targeted at the endogenous neo locus to contain the Ncol site and that all but one of the clones has also incorporated the Sspl polymorphism.
To analyze further the structure of the targeted neo locus three other digests have been performed. Since the transfected homologous fragment is derived from the 3'-end of the neo gene, a homologous recombination event is only required at the 5'-end of the fragment to generate a functional neo gene. This has been termed a 'one-sided' homologous event The 3' event can be non-homologous, as long as the 3'-end of the neo gene remains intact. A BamHl site is located downstream of the polyadenylation site for the gene, allowing us to examine the integrity of the event near the end of the transfected fragment. A XhoVBam HI digest gave the parental 1.1 kb band for each of the clones (Fig. 5E and data not shown) . This suggests that no alterations occurred at the locus in the immediate vicinity of the transfected fragment.
To detect more global changes occurring at the locus XhoVXbal (Fig. 5F and data not shown) and Xhol/EcoRV digests were performed (data not shown). The parental clone gives a 3.7 kb band with XhoVXbal and a 5.5 kb band with Xhol/EcoRV. These bands are unchanged in 23 out of 29 clones. Thus the only apparent change in the neo locus in most of the clones is confined to the original position of the l-Scel cleavage site.
A fraction of the clones, six out of 29 G418 R clones, have Xhol-Xbal fragments that are larger than the parental size. Clones 4 and 7 both have Xhol-Xbal fragments of -6.5 kb, an increase of-3 kb relative to the parental clone (Fig. 5F ). Of the remaining four clones, two others have Xhol-Xbal fragments that are -2-3 kb larger than in the parental clone, whereas the other two have increased more substantially in size, -5 and 7 kb (data not shown). In all cases the Xhol-EcoRV fragments are similarly larger in size (data not shown).
Since transfected DNA can sometimes integrate into genomic DNA in large concatamers, Southern blots were reprobed with the 3' neo fragment used to generate the targeted clones. If this fragment had integrated as a large concatamer the larger fragments in these six clones should give a much stronger hybridization signal than the parental sized fragments in the other clones. None of the six clones gave a stronger hybridization signal (data not shown), indicating that the increased size was not due to additional integration of the transfected fragment Another possibility is that the size of these fragments is altered by integration of the l-Scel expression vector. Integration of pgk-I-Scel is addressed in the next section.
Transient l-Scel expression is sufficient to stimulate gene targeting
Since the G418 selection is started 24 h post-transfection, it is likely that transient I-Scel expression is sufficient to stimulate gene targeting at the neo locus. To determine if pgk-I-Scel had integrated into the genome Southern blots were reprobed with I-Scel coding sequences (Fig. 5B and D and data not shown) . Only two of 26 clones analyzed had integrated the pgk-I-Scel plasmid. One had integrated a large number of copies (clone 17; Fig. 5B and D) ; the other had integrated one or two copies (data not shown). This result indicates that cleavage at the endogenous l-Scel site occurs soon after transfection, during transient expression of l-Scel from the expression vector, and that the expression vector need not be integrated to stimulate gene targeting.
DISCUSSION
We have designed a system to test whether chromosomal DSBs will stimulate gene targeting in ES cells. The cleavage site for the rare cutting l-Scel endonuclease was introduced into the ES cell genome as an insertion mutation within a selectable neo gene. Co-transfections of a homologous neo gene fragment and an l-Scel expression vector resulted in at least a 50-fold increase in targeted clones over transfections of the neo gene fragment alone, demonstrating that DSBs at a target locus in ES cells are igure 4. PCR analysis of parental clone 12 and G418 R subclones derived from co-transfection of pgk-I-Scel and the marked 3' neo fragment. Fragments were amplified from genomic DNA using the primers Neo I and Neo2 (Fig. 1 ) and subjected to agarose gel electrophoresis with or without prior restriction digestion. The ES cells are now the fourth cell line to be tested for stimulation of gene targeting at chromosomal DSBs induced by \-Sce\. The other three are 3T3, Ltk~ and PCC7 cells (15, 17, 18) . In each of the cell lines tested, the l-Scel site was first introduced into the genome within a defective selectable marker. Gene targeting was then assessed by transfecting a homologous fragment that could correct the l-Scel cleavage site mutation. l-Scel cleavage at the site has been brought about either through expressing l-Sce\ in vivo or electroporating the purified enzyme. For three cell lines, 3T3, PCC7 and ES cells, a DSB at the target locus has been found to stimulate gene targeting 50-fold or more. Interestingly, DSB-promoted gene targeting events were not detected in Ltkc ells. Thus different cell lines may undergo recombinational repair of DSBs with different efficiencies.
In the current studies, most of the gene targeted ES cells were found to have undergone precise, 'two-sided' homologous recombination events. A fraction of the clones (21%) have undergone some other modification of the locus, leading to altered downstream restriction sites. As yet we have been unable to decipher precisely how these clones arose. They may be considered 'one-sided' homologous events, with homologous recombination occurring within the 5'-end of the neo fragment, reconstructing an intact neo gene, with some other event occurring at the 3'-end. These types of events have been seen in DSB-promoted gene targeting events in 3T3 cells (15) , as well as in non-DSB-promoted targeting events (29) (30) (31) . In 3T3 cells 'one-sided' events were found to be more frequent than 'two-sided' events, comprising as many as 68% of gene targeting events (15) . These events were not screened for in PCC7 cells.
In each of the gene targeted ES clones the 18 bp l-Scel site was removed and the 4 bp deletion of the neo gene was restored by recombination, resulting in a G418 R phenotype. A single base pair polymorphism located 23 bp from the l-Scel cleavage site was incorporated in 28 of the 29 clones analyzed. This polymorphism results in a C->T transition. Incorporation of the polymorphism could be the result of heteroduplex formation between the chromosome and the transfected fragment, followed by mismatch correction (Fig. 6) . Depending on which strands pair, the two mismatches possible are G-T and A-C. It has been shown in CV1 cells that >90% of G-T mismatches are corrected to G-C, whereas for A-C mismatches repair occurs equally in both directions (32) . ES cells appear to have similar mismatch correction mechanisms (33) . Based on these frequencies, we would have expected at least half of the clones to have retained the C/G base pair at this position. Since 97% of the clones have incorporated the polymorphism, either heteroduplex correction is occurring in the direction of the transfected fragment or there is no heteroduplex at this position. A non-randomness in mismatch correction has been postulated to occur at HO cleavage sites at the MAT locus in yeast and has been termed restoration (34) . It has been postulated that the correction machinery senses the break in the strand at the HO site as a signal to correct that strand to the genotype of the unbroken strand. Alternatively, however, the high frequency of incorporation of the polymorphism in our experiments may be the result of an absence of heteroduplex formation. Gap formation may extend from the l-Scel cleavage site in the S2neo gene beyond the position of the polymorphism. Further analysis of the incorporation of polymorphisms upon DSB formation will allow us to distinguish these two mechanisms.
The pluripotential nature of ES cells has resulted in their use in numerous gene targeting experiments for the purpose of creating mutant mice. The results we present here suggest that introduction of DSBs into the target locus may facilitate these experiments. Since one round of gene targeting is necessary to introduce the l-Scel cleavage site at a target locus, this strategy would be suited to multiple rounds of targeting at one locus, for example, in the creation of subtle mutations. Two issues remain about the utility of DSB-promoted events. This approach requires that expression of the l-Scel endonuclease not compromise the plunpotency of the ES cells. Considering that l-Scel has an 18 bp site which statistically is not predicted to occur in the genome (16) and that constitutive expression of l-Scel in 3T3 cells is non-toxic (9), transient expression in ES cells during gene targeting experiments may be found to be non-deleterious. The second issue relates to non-homologous repair of DSBs. In addition to recombinational repair events, non-homologous end joining mechanisms are used to rejoin broken ends in mammalian cells (15,18,35,36) . A comparison of the frequency of these two types of events has suggested that non-homologous events are somewhat more abundant than homologous events in 3T3 cells (15) and substantially more abundant in Ltk~~ cells (18) . Considering the predominance of 'two-sided' homologous events that we have found in ES cell gene targeting experiments, recombinational repair mechanisms may predominate in ES cells. Using the l-Scel system this question can be directly addressed.
Site-specific recombinases, such as the phage PI Cre protein, have been utilized to mediate genome modifications in ES cells and in mice (37, 38) . These recombinases are mechanistically quite distinct from endonucleases in their activity (39) . They synapse two recognition sites, create single-strand breaks within the recognition sites to form Holliday junction intermediates and resolve the intermediates leaving the recognition sites intact. In contrast, endonucleases such as I-5ceI promote homologous recombination by creating free DNA ends which act as initiators of recombination (40) . Since the cleaved substrate is a recipient of genetic information, the cleavage site is lost upon recombination and there is no possibility for a reverse reaction. Thus expression of rare cutting endonucleases expands the repertoire of genome modifications that can be performed in mammalian cells. In addition to having potential as a tool in molecular genetic analyses, these endonucleases will also be useful for addressing basic biological questions about the nature of the repair of DSBs in vivo.
